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INTRODUCTION 

The chemical composition of many fungal ceil wails is 
known, but we have not understood the interactions of the 
various macromolecules nor the assembly processes. The bio- 
chemistry and molecular genetics of biosynthesis have been 
comprehensively reviewed (9, 42), but recent results obtained 
with the yeast Saccharomyces cerevisiae have confirmed and 
extended a structural model that explains many results and 
paints out new directions for research. 

Cell walls of fungi share with plant and bacterial cell walls, 
and indeed with extracellular matrix material of mammalian 
cells, an anionic surface and a reliance on 31,4- and 01,3- 
linked polysaccharides as fibrous components. These glycans 
have all of the non-hyd i ;q latorial 

position and form ribbon-like (cellulose and chitin) or helical 
(01 - >in m) '.. ius f >1:het .! tctensti o; ' m > n pi int. 
and bacterial cell walls differ markedly. Where the glycans of 
eubacterial walls are cross-linked by peptides, those in plants 
have cross-linking phenolics and polysaccharides that promote 
cross-associations by hydrogen bonding (hemieelluloses) or gel 
properties (pectins) (10, 15). 

Composition of cell walls. In 5. cerevisiae, the cell wall makes 
up 15 to 30% of the dry weight of the cell (42) and 25 to 50% 
of the volume based on calculations from electron micro- 
graphs. The walls are composed mostly of mannoprotein and 
fibrous (31,3 glucan (Table 1). There is also branched 01,6 
glucan that links the other components of the wall (25, 28, 42). 
An important minor componcn* i a i c onmtmtes to 
the insolubility of the fibers. The 01,3 glucan-ehitin complex is 
the major constituent of the inner wall. 01,6 glucan links the 
components of the inner and outer walls. On the outer surface 
of the wall are mannoproteins, which are extensively O and N 
elv jacked and limit wail perme- 
ability to solutes (12, 57). Covalent linkages between each of 
these components have now been identified (28). 

Modular construction. Many of the wall components are 
present in low molar ratios (Table 1). 01,3 glucan is the major 
component and £< > e Ob sea old of the wall. Dividing 
the polymer size info the cellular glucan content yields a figure 
of about 1 X 10 6 to 3 X 10 6 glucan chains per cell. There is a 
similar number of 01,6 glucan molecules attached to the 01,3 
glucan. If we estimate She average size of n 
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100 to 200 kDa, the number of mannoproteins is aiso similar 
(14, 52). The small amount of chitin (1% of the dry weight 
exclusive of the bud «) is in lint i bout .120 units, 

present in a molar ratio of 0.1 to 0.3 (27). 

These components are covalently linked to form maeromo- 
lecular complexes, which are < st heintat wall 

A team (including the Cabib, Klis, and Ashweil groups) has 
now identified linkages between ali of these components (28). 
These authors have called the covalent complex a "flexible 
building block." However, because the cell wall components 
occupy only 10 to 20% of the wall volume, a better analogy is 
that the wall is a latticework, rather than a solid structure. The 
lattice is an assembly of unit modules, each built around a 
molecule of 01,3 glucan (Fig. 1A). A prototypical module 
would have a 01,3 glucan chain with 40 to 50 branch points and 
01 6 glut sn and t s, noptx U n 
moieties as well. A minority of modules have chitin chains 
attached to the 01,3 or 01,6 glucan (27, 28). Note that these 
molar ratios are only averages; there is no evidence for a fixed 
stoichiometry of the various components. The modules are 
associated by noncovalent interactions in the glucan-chitin 
layer and by covalent cross-links in the mannoprotein layer 
(Fig. IB), including disulfide bonds between mannoproteins 
(12, 42, 57) and perhaps novel mannoprotein-glucan links that 
are as yet urscharaeterized (28). 

STRUCTURE OF CELL WALL COMPONENTS 

Glncans. 01,3 glucan forms a fibrous network visible by 
scanning electron microscopy of the inner surface of walls and 
forms amorphous components as well (30). Its average degree 
of polymerization of 1,500 corresponds to a molecular mass of 
240,000 and a maximum fiber length of about 600 nm. This 
length is roughly three to six limes the average wall thickness, 
or 1/10 of a cell circumference. Larger complexes have been oc- 
casionally repast (40 St Bi ici • ig ol the polymef (about 
3 ' trm." poiK) ri i " t -xnxt th ength de- 
pending on the branch length (37, 40). Much of the 01,3 glucan 
i i n, base i in vitro studies, now 

confirmed by solid state nuclear magnetic resonance of intact 
yeast cells (31). Such hei i > , rf>sed of a single polysac- 
charide chain or of three hydrogen-bonded chains (a triple 
helix) (50, 55), In electron micrographs fibers are 10 to 30 nm 
in iiameter .. s 

chains, each with a diameter of 0.5 to 1 nm (29, 30). 

There is no direct data about t k branches (37). 

The branch points are the 6-hydroxy groups, and substituents 
at this position do not interfere with formation of either single 

iple helicc i sis 

a "bushy" polysaccharide with the reducing end at the base of 
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TABLE 1 . Major components of S. cerevisiae cell walls 



i ent (degree 




% of wall 


Relative 


of poiyraens»rkws) 






jMoiar ratio 


j31,3 giucan (1,500) 


240 


50 


1.0 


pi,6 giucan (150) 


24 


10 


2 


Maimoprotein 


100-200 


40 


1.2-2.4 


Chitin (120) 


25 


1-3 


0.1-0.3 



the stalk, consistent with the Stokes radius of yeast glucan, 
which is 20 to 30 am per 10 s Da (40). This value is about 10% 
of the observed length of model glucans that form linear fibers. 
It is also much shorter than the predicted length for an 
unbrancbed helical structure and therefore implies that the 
branches are of significant length (50). If there are long 
! > s, the associate jhboring < rn 

anastomosing network of fibers (Fig. IB). On the other hand, 
short branches would promote formation of the triple helices 
(46, 55). The fibrous network would then consist of alternating 
regions of single helices and triple helices formed from glucan 
chants of !hrce different modules (46, 55). Such a structure 
could serve a role similar to that of the hermcellulose-cellulose 
interactions in plant cell walls (15). 

pi.,3 glucan synthase is located in the plasma membrane 
(42). Electron microscopy of regenerating spheroplasts shows 
that the polysaccharide product is extracellular (29). T hus, 
the complex acts as a glycosyi transferase and transporter. 
Branches may be formed extracellularly by a putative branch- 
ing enzyme, Bgl2p, which has activity analogous to that of the 
starch branching enzymes (18). 

that links the components of each module together (28). De- 
spite extensive 1 the site and 
mode of synthesis of pi,6 glucan are ur 
glucan is the primary receptor for yeast Kl killer factor, mu- 



tations in genes necessary for glucan synthesis lead to toxin 
k a'kI that exltagenic 
suppressors and synthetic-iethai partners encode a variety of 
intracellular and extraccllulas .jk these proteins 

participate in N and O -I rnarmoproteins (see 

below). Of the other KRE gene products, no in vitro assays for 
function are known, so that biochemistry and localization of 
£1,6 glucan synthesis and cross-linking to pi,3 glucan remain 
obscure. 

CfaiJin. The signal structural work by Cabib's group and 
! I > s o is ! - t 

reducing branches of the pl,3 glucan and pi,6 glucan (Fig. 1A) 
(27, 28). Presu tablj tains b t 

anneal to form microdomains of crystalline a-chitin, the most 
common form in aquec - m-enis and the form in the 

walls of other hmgi. The structure of ct-chitin is similar to that 
of a-ceUulose, with hydrogen-hooded atttipara'tlel chains ofN- 
acetylgmcosamine units. Hydrogen bonds involving the amide 
groups (absent in cellulose) further stabilize the crystals. These 
esctra bonds together with the hydrophobic core formed by the 
acetamido methyl groups prevent invasion by water and disso- 
lution of the v. ) n jsns ol chitin 
have not been seen in yeast, no serious X-ray work on digested 
wails has been attempted for about 30 years, and such domains 
might now be found with the improved diffraction methods and 
5 (25), 

Chitin synthesis is vectorial, with the substrates and regula- 
tor)' sites intracellular and the product extracellular, based 
on eri2ymoiogy, microscopy, and studies of sites of action of 
membrane-imperEK-j ^ 2) Addition of chitin to 

sodules is essea r it ! 
incorporation results in transfer of the wall material from the 
alkali-soluble to the alkali-insoluble fraction (20). 

Mannoproteins. Yeast wall mannoproteins are. highly glyco- 
yl ' o ^ ( 

and thus may be thought of as yeast proteoglycans (42, 52). 



mannoprotein 

N-giycans 



G-glycan$| 
£-1,6giuct 



r fS~1,3 
giucan 




l > s, i i * :h -cm k ! jnd colored. The mannoprote 

led oiigosscchsi-ides arc shewn in yeitow, labelled as N or O linked. Only a rcw of ifcc branch porets of the glucans arc show;;. Cretin can also t 
oari. (8) Association »f modules to form await lattice Colors are as mj i A. The pi, 3 giucan chains are .. -i J to designate r hetiec 
s, a ^rvstalhne mi r i s]f£° and other bonds is not depicted. 
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ol tt c jivLjn ol f i w v 3-viny cn J a 1 m - c K a protein or ct 01 il (C) 



Many of them carry N-linked glycans with a core structure of 
Man 10 _ 14 GlcNAc2-Asn, structures very similar to mammalian 
high-mannose A'-glycan chains. "Outer chains" present on 
many yeast N - additional a-lmked 

m in ks i unit . with <: long al,n , 1 s 

with short otl,2- and otl,3-linked side chains (42). There are of- 
ten several large JV-glycans per glycopeptide, so that N-linked 
sugar can add 50,000 to 100,000 Da to the size of the manno- 
proteins. Phosphorylation of the mannosyl side chains gives 
yeast its anionic surface charge (42). N-chain elongation is not 
essential for wall biogenesis per se, but the lack of outer chains 
in mnn9 mutants increases wall permeability and decreases in- 
tegrity (12). 

Ser and Thr residues are often clustered within the se- 
quences of wall mannoproteins (42, 52), Where O-linked sac- 
charides have been mapped, most (8) or all (56) of the clus- 
tered residues are O glycosylated. The clustered 0-giyeans axe 
oligosaccharides of 1 to 5 mannosyl units, creating rigid stalks 
that elevate protein d< ; from membrane orwal urfaces 
(6, 8, 16, 22) (Fig. 1). 

O mannosylation is important for proper wall biogenesis. 
Disruption of O glycosylation causes not only aberrant pro- 
cessing of wall mamioproteins (35, 42) but also leads to signif- 
icant reduction in wall consent of the branched 81,6 tinker 
glnean (42). Two explanations for this phenoiype have been 
offered: (i) the -31.6 glue ui rtly a sembled intracellularly, 
and secretion is dej indent on ; : sation with Glycosylated 
mamioproteins (42); (ii) ghican synthesis or assembly is depen- 
dent on nannoproteins whose v t tion oj ii ttoi 

is dependent on O glycosylation. Kre9p and Gaslp/Ggplp are 
examples of O-glycosylated proteins required for proper wall 
biogenesis (13, 16. )'f. 43). 

Cell wall anchorage of module mannopnjteins. The manno- 
proteins of the modules are resis e .:■!.■•) in hot so- 
dium dodecyi sulfate but can be liberated from the wall by j31,3 
glucanases or j31,6 giucanases (42, 52, 53). Studies with the cell 
adhesion protein a-agglutittin led to the proposal of the an- 
chorage hypothesis, which states that each outer-layer manno- 



protein is posttranslationally modified by addition of a glycosyl 
phosphatidylinositol (GPI) anchor (11) (Fig. 2). After secre- 
c >red matmoprotein to the outer leaflet ol 
the plasma membrane, the anchor is cleaved within the C- 
e.i glycan and the remnant is transferred to form a gfy- 
cosidic linkage with the branched j31,6 glucan (11, 24, 25, 28, 
.ji is, in tutj , glyeosidically linked to the 
3 1,3 glucan-chitin complex that makes up the fibers of the 
• me» - ^ , 

GPI addition to rr j ius.e muta- 

tions in GPI synthesis are lethal (32, 42) and restriction of GPI 
synthesis causes aberrant wall biogenesis and growth limitation 
(54). Also, cell wall synthesis a ;> se > (tamed;; sefy upon inositol 
starvation (19). About 40 open reading frames in the yeast 
genome have the sequence characteristics of GPI-anchored 
wall proteins ! >) Maty oi the findings foj S cerevisiat are 
echoed for Candida albicans and other fungi (18, 2-4, 38, 42). 

Yeast GPIs are attached in the endoplasmic reticulum by 
transpeptidation to the- C termiro ) possessing GPI 

signal sequent - c sful transport from the endoplas- 

mic reticulum to the cell surface is dependent on the presence 
of sphingoiipids (21, 49 s irgeted to the 

site of bud emergence or to the growing bud (23). Thus, cell 
wall mannoproteins and the enzymes mediating wail assembly 
ttre probably secreted in the same place. 

Other mant * othei mecha- 

nisms. Invertase and other enzymes are physically entrapped in 
the wall (9). Flolp, a component of the yeast flocculation 
apparatus nan unlinked 

to glucan (3). The cyclic AMP binding protein Gcelp is GPI 
anchored when synthesized but is later processed by lipolytic 
and proteolytic cleavage near the C tetminns before cell wail 
association (41). In addition, mild base treatment (30 raM 
NaOH, 16 h, 4°C) liberates four mannoproteins that have no 
GPI ancbo- s - - , > 

- d -ulfide bonded to GPI-anchored lattice 

' ((6,9,42). 
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UTILITY OF THE MODULE CONCEPT 

Menaces from the model. The modular structure hypoth- 
esis is a basis for explanations of cell wall phenotypes and pre- 
dictions, of funci s < )c genes. Popoio et aJ save hown 
that GAS1/GGP1/CWH52 (alternate names for the same gene) 
mutants have idisorj lure and are re i 1 . 

digestion with she lytic enzyme mixture Zymolyase (43). They 
have argued that the formation of {31,3 glucan fibers is abnor- 
mal in these mutants, suggesting that the GAS1 gene product:, 
an extracellular membrane-bound GPI-anchored protein, is nec- 
essary for proper fiber assembly. Ram et al. report that gas? A 
cells secrete wall modules into the growth medium, consistent 
with a lattice assembly defect (44), 

We believe that these results could be clue to decreased 
cross-linking between (31,3 and pi,6 giucans or to decreased 
intertwining of the pl,3 glucan chains into fibers. The yeast cell 
could compensate for this defect by altering the composition of 
the modules: there would be an increased reliance on cross- 
linking between pi,6 glucan and chitin a id or increased cellu- 
lar content of pl,6 glucan at the expense of £51,3 glucan. There- 
fore, a kre6A mutation (affecting synthesis of pl,6 glucan) 
would be synthetically lethal with gaslA, as observed (43). 
gaslA c&JA (chitin synthetase III) double mutants have a 
severe growth defect, as expected for cells dependent on chitin 
synthesis for cell wall integrity (43). 

This interpretation has been validated by Kapteyn et al. (26), 
who investigated gaslA and/fcsM cells. The latter have a re- 
duced content of pl,3 glucan due to mutation in the £1,3 glu- 
can synthase. In both mutants there is a 15- to 30-fold increase 
in chitin content and in cross-linking of chitin to the pl,6 
glucan. This alteration maintains the insolubility and integrity 
of the wall in the face of loss or faulty assembly of the 01,3 
glucan. Module structure implies that gaslAfkslA double mu- 
tants should have a phenotype simitar to the gaslA cells, be- 
cause the latter mutation itself" reduces the role of the pl,3 
glucan in wall structure, Indeed the single and double mutants 
are similar (26). The results illustrate the flexibility of modular 
structure and suggest a structure for modules in fungi with 
chitin instead of 01,3 glucan as the major fibrous wall compo- 
nent: direct linking of 01,6 glucan-glycoprotein complexes to 
chitin fibers (1, 42). 

Challenges. There is little understanding of the processes 
that result in extracellular assembly of the components into a 
wall. A start on the problem might be based on the timing of 
the cross-linHng of the wall components to form modules. The 
kinetics of anchorage of a agglutinin offer some initial clues, 
with the caution that this case represents pheromone-induced 
incorporation and may not be typical (34). Within 5 min of ap- 
pearance of the GPI-anchored protein at the cell surface, mem- 
brane anchorage is lost, with concomitant loss of label in fatty 
acids and inositol. A transient soluble fotra appears and is 
i.^etl into the wall-bound form associated with 01,6 
glucan. In the next hour, the a-agglutinin becomes less soluble 
and more difficult to extract, 

A model consistent with this result and the structure of 
modules is that the GPI-anchored : ■ i leased from the 
membrane by .jction at ,3 tran^ c uis be) ween 

the first mannose and the glucosamine residue (28) (Fig. 2). By 

1 !•.!><< flV J 

ed" intermediate form of the glycosyl donor, which would 
preserve bond energy to allow formation of a new glycosidic 
bond. The glycoprotein moves to the outer layer of the wall, 
where it is linked to 01,6 glucan already associated with insol- 

• i ; iucan (25 i : ■ sous f > protein ctrai 
able by treatment with 01,3 glucanase then decreases as cross- 



links and chitin are added to the modules later in the cell cycle 
and the complex becomes more insoluble (20). This scenario 
predicts that: association of the 01,3 and 01,6 giucans precedes 
bonding to mannoproteins. that chitin addition is a late event, 
and that there are modules without associated rnannoproteirts 
or chitin, as already demonstrated (20, 28). Validation of this 
or other models must await development of suitable cell-free 
assays for cell wall m< s 
can be defined and individual steps can be dissected. 

How ire modi e com x of. cross 

linking? Two intriguing results hint a! a role for mannopro- 
teins. Flolp, a component of yeast flocculins is seen in linear 
transwail fibers or channels when overexpressed (3). Thus, 
there may be transport routes through the wall to facilitate 

n "> 3 tse-h.ke { j in tb lis o 1 
has been reported (33). Such a protein might be involved in 
transwail transport or its delaying transglycosylation until the 
mannoprotein reaches an appropriate venue. 

Another challenge will be the description of the processes 
t 3 < , 1 assembl tion oi ' 

aires. The wall is plastic in many ways. It is "softened" for bud 
emergence, expands during bud growth, is modified by addi- 
tion of bud scars, and becomes more refractory as it ages. The 
wall is remodeled during mating, cell fusion, pseudohypha 
formation, and formation of spore wails with phenolic cross - 
links (5, 42). This problem is analogous to that of wall soften- 
ing in plant cells for growth and maturation (10, 15, 47, 48, 51). 
Genetic approaches now suggest that the number of genes 
involved in wall synthesis, assembly, and remodeling will be in 
the hundreds (36, 42). This degree of complexity is expected 
for synthesis and assembly of this complex, plastic organelle, 
which involves a snajot commitment oi ce 
36, 42, 45). 

CONCLUSION 

The discovery of a defined covalent complex composed of 
yeast mannoprotein, 01 .6 hseas gla • : and chitin has 
changed usr .funking 1! out ed 

The resulting modular model (28), along with the database of 
gene sequences and genetic studies of the biogenesis of the 
glyeoeonjugates (7, 35, 36), allows us to make testable predic- 
tions for cross-linking reactions and assembly pathways (26). 
Specifically, the structure of the modules shows us that there 
must be enzymes that link each pair of components and others 
that interlink the modules. The extracellular locations of the 
products oi 01,3 glucan and c 

linking of a-agglutinin to modules suggest that these processes 
occur exterior to the plasma membrane. 
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